Oligosaccharide epitopes of bacterial cell walls are important recognition elements for the immune system. Despite extensive studies of interactions between sugars and antibodies by physicochemical and immunochemical methods, the structural results are limited. The binding of antibodies to carbohydrate epitopes is generally characterized by rather low binding constants, in the range 10-J-lO-hM [l], even though the epitope extends over several sugar units. Similar binding constants are seen for lectins [ 11. We have undertaken studies of the interactions of the monoclonal antibody Se155-4 with an oligosaccharide portion of the lipopolysaccharide of pathogenic Salmonella. The lipopolysaccharide is anchored in the outer membrane of the bacterial cell wall and its 0-polysaccharide component consists of multiple repeats of a tetrasaccharide unit. The chemical nature of this oligosaccharide determines the immunological serotype of the Salmonella. The tetrasaccharide repeating unit (RU) is branched and has the structure [2]:
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3,6-dideoxy-1)-glucose (paratose), 3,6-dideoxy-i)-galactose (abequose, Abe) and 3,6-dideoxy-i)-mannose (tyvelose), respectively [ 31. Potentialenergy calculations indicate that the dideoxyhexoseMan disaccharide is the most rigid part of the epitope [4] and this was confirmed by n.m.r. studies of solution conformations of synthetic oligosaccharides [ 51.
In order to characterize in detail the interactions of antibodies with the carbohydrate determinants of Salmonella, a monoclonal antibody, Se155-4 (IgG1,h) was selected from a panel of murine clones generated by immunization with bacterial antigen. Sel55-4 has a relatively high affinity (Kd= 5 X 10-6M) for the serogroup B lipopolysaccharide and recognizes the epitope centred around Abe (Figure 1 ). Its binding to antigen showed a rather unusual dependence on pH, indicating that a group with pK, of 5.5 was involved in the binding, probably a histidine. The epitope of this antibody has been characterized and studied in detail with a battery of synthetic oligosaccharides (D. R. Bundle and B. W. Sigurskjold, unpublished work) [7] . Three sugars, u-Gal-[u-Abe]u-Man-, were found to be the most important for binding. Fa,-bound oligosaccharides retain significant freedom of movement and only part of the hapten is well ordered in the crystal and visible in the electron-density map. In the case of the tetrasaccharide complex, only one sugar, Abe, has welldefined density. The oligosaccharide interacts with numerous residues of the antibody and contacts both the side chains and the main-chain atoms. The residues surrounding the antigen all come from the CDRs. In Sel55-4, the framework residues do not participate in antigen recognition and binding. Of the six CDR loops, only five have residues within 4.2A of the ordered trisaccharide portion of the antigen ( Of these residues, 60% come from the heavy chain (VH). The CDRs that contribute the most to the formation of this site are L3, H1 and H3.
The unusual feature of this Fa, binding site, as compared with other sugar-binding proteins (sugartransport proteins, [22] ; lectins, 123, 241; lysozyme, [25] ) is the presence of only aromatic side chains in close contact with the carbohydrate epitope. Most notably the hydrogen-bonding partners of the oligosaccharide oxygen atoms are either histidines or tryptophans ( Figure 1 and Table 1 ). In addition 0 -2 of Abe forms a hydrogen bond with the backbone of NH of Gly-98H. A significant role is played by a water molecule, which forms a hydrogen-bonded bridge connecting the 0-4 and 0 -5 of Abe to the backbone carbonyl oxygens of Tyr-99H and Gly-96H and to the imidazole ring of His-35H ( Figure  1 ). An important observation is the absence of charged or polar residues among the hydrogenbonded partners of the oligosaccharide. The overwhelming presence of aromatic residues in the Se 15 5-4 antigen-combining site conforms with the increased frequency of aromatic residues in the CDRs of antibodies compared with their frequency in other globular proteins [26] . Two of the three histidines, two hydrogen-bond directly to the hapten and one hydrogen-bonds through a bridging water molecule. Aromatic residues also provide a hydrophobic environment for the hydrophobic patches on the oligosaccharide surface. Trp-9 1L stacks against atoms C-3, C-4, C-5 and C-6 of Abe and C-1 and C-2 of Gal, on the oligosaccharide surface directed toward the Fa,. The C-6 methyl group of Abe is wedged between Trp-33H and Phe-58H.
Comparison of the position of Abe in tetraand dodecasaccharide complexes shows that the tetrasaccharide enters a little less deeply into the pocket in the Fa, surface. This may be due partially to a somewhat weaker binding of the tetrasaccharide and to mobility (disorder) of the Gal-Man-Rha moiety in this complex. The water molecule forming the hydrogen-bonding bridge between Abe and the Fa, occupies the same position in all the complexes and in the native Fa, structure. In addition to providing specific hydrogen bonds to Abe, it also enhances the shape complementarity of the two contacting surfaces [ 101.
In some antibody-antigen complexes, almost no conformational change is seen in either partner on complex formation [19] , while in others, significant changes have been reported in either the antigen or in the antibody [27] . The Se155-4 Fa, fragment has been observed in different crystal lattices, complexed and uncomplexed. Comparison of the Fa, molecules from all available crystals shows that, despite differences in intermolecular contacts, the conformational changes are very small, especially in the antigen-binding area. Most of the small changes involve movements of histidine side chains. The pocket that accommodates the Abe retains its size and shape and no rearrangement of side chains was observed in the free Fa,,. Instead seven water molecules enter the cavity and are found near the positions of the sugar hydroxyl groups in the complexes.
The observed conformation of the trisaccharide epitope fragment can be compared with the low-energy conformations obtained by theoretical calculations [4] . The observed torsion angles along the Abe-Man linkage agree very well with those of the global energy-minimum conformation, whereas the Gal-Man linkage adopts a different conforma- RU, collides with the CDR2 loop of the heavy chain (H2). T o prevent this collision, the torsion angles of the Man-Rha linkage of the middle unit would have to be adjusted. Theoretical calculations for the ManRha disaccharide [28] predict the existence of a secondary energy minimum and when this conformation for the Man-Rha linkage is adopted, no overlap with the H 2 loop occurs. This simple Volume 
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Carbohydrates, Shapes and Biological Recognition model building suggests that the SelSS-4 antibody binds to the lipopolysaccharide when it is not necessarily in its lowest energy conformation.
To verify this hypothesis an octasaccharide RU,-RU, was partially digested with acid, to cleave a single Abe-Man linkage. The resulting mixture of heptamers was separated into two components: (1) with the Abe in the first unit, RU,-{Gal-Man-Rha}, and (2) with the Abe on the second unit, {Gal-ManRha}-RU,. Heptamer €3 was found to bind more strongly, with a free energy of binding 10 kJ/mol greater than that of heptamer A. These results agree with the above discussion of steric constraints due to the H2 loop. They also suggest that epitopes, both within the polymer chain and at its ends, can bind with affinities that vary over a 10-50-fold range, but which still allow functional binding, especially in the multivalent mode.
